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Abstract 
Estimates of the GM of the Earth and Moon, the tracking-station locations, 
and the lunar radii at the various impact points, derived from the reduction of 
Earth-based radio-tracking data from the Ranger lunar missions, are reported. 
The estimates are consistent and compare favorably with other work. The results 
and limitations of the current analysis and projected improvements for follow-on 
analysis are discussed, as well as the theoretical model, the estimator, the data 
quality and quantity, and the data fit. 
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Physical Constants as Determined 
From Radio Tracking of the 
Ranger Lunar Probes 
new evaluations of theGM of the Earth and Moon, the 
locations of the tracking stations, and the distance of 
the Ranger impact points from the dynamical lunar center 
(i.e., center of gravity). The refined values for these con- 
stants are a valuable contribution and stimulus to the 
field of celestial mechanics, and are graphic proof of 
the high-accuracy performance of the Earth-based radio- 
tracking and guidance system. 
This Report presents physical-constant results obtained 
during the reduction of the Ranger Block I11 (Rangers 
VI-IX) tracking data. Results from these missions com- 
pare favorably with other experiments, including not only 
the previous Ranger missions but the GM solutions 
from the Mariner II (Venus) and Mariner IV (Mars) mis- 
sions. Estimates of lunar elevations from Ranger Block I11 
data average 2.5 km lower than the previously accepted 
values. This has particular significance for the Surveyor 
missions, during which the onboard sensors for initiating 
the terminal retro sequence are backed up by Earth- 
1. Introduction based radio command. Nominally, the backup command 
from Earth must be within 1 sec of the proper time for 
lllission success. A 2 . 5 - h  elevation discrepancy repre- 
sents a l-sec error in predicted unbraked impact time. 
Also presented herein is a summary of the procedures 
employed to arrive at the physical-constants solutions. 
The tracking-station data and the weighted least-squares 
estimator, along with the “fitters’ universe” model of the 
real universe, are described. Analysis completed to date 
has allowed a 1-order-of-magnitude improvement in de- 
termining the mass of the Moon, and a factor-of-4 
improvement in determining the mass of the Earth. 
Tracking-station coordinates have been determined to 
within 25 m with respect to the distance off the Earth‘s 
spin axis, and 20 m with respect to longitude differences 
between stations. The distance between the center of 
gravity of the Moon and the impact point on the lunar 
surface for each of the four Ranger Block I11 missions 
has been determined to within 200 m. Finally, current 
analysis limitations and plans for future analysis are out- 
lined, with the anticipation that the physical-constant 
determinations can be improved by another factor of 5 
through further processing of the Ranger Block I11 track- 
ing data. 
The prccise radio-tracking data acquired by the tracking 
stations of the Deep Space Instrumentation Facility dur- 
ing the Ranger lunar flights are the basis for fundamental 
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II. Discussion 
A. Tracking Data Obtained During the 
Ranger Block 111 Missions 
The Ranger-mission tracking data were obtained at 
Deep Space Stations (DSS) located at Johannesburg, 
South Africa, Woomera, Australia, and Goldstone, Cali- 
fornia. These DSS locations are illustrated in Fig. 1, along 
with the visibility regions as a function of spacecraft 
altitude. The detailed characteristics of these stations may 
be obtained from Ref. 1. 
Only L-band, two-way-doppler (i.e., range-rate) DSS 
tracking data were utilized for this postflight analysis of 
the Range?. Block I11 missions. During the fight, angles 
(hour-angle and declination) also were taken. The angle 
data were valuable during the early portion of the flight, 
in which the trajectory geometry varied rapidly; however, 
beyond the first pass of Johannesburg, which is approxi- 
mately 13 hr after launch, the information gained by the 
continued use of the angle data was overshadowed by 
that provided by two-way doppler. In the posttlight analy- 
sis of the earlier missions (Rangers ZlZ-V), angle data 
were used because of the limited doppler coverage. 
The two-way doppler is a measure of the radial ve- 
locity V, of the spacecraft relative to a tracking station. 
A simplified two-way-doppler configuration is given in 
Fig. 2. The tracking station transmits a signal to the 
spacecraft and the signal received at the spacecraft is 
shifted in frequency by the well-known doppler effect. 
The spacecraft then retransmits the signal it has received. 
*THE DOPPLER TONE r, IS A MEASURE OF THE RADIAL SPEED VR 
Fig. 2. Two-way-doppler data as measured 
by the tracking station 
The signal received at the ground receiver has been fur- 
ther doppler-shifted by the radial velocity of the receiver 
with respect to the spacecraft. The difference between 
the received frequency and the current transmitter fre- 
quency is called the doppler tone. 
In practice, the doppler tone is continuously counted. 
This continuous count is sampled at intervals ranging 
from 1 sample/sec to 1 sample/min. The 1 sample/min 
mode is utilized over the major portion of the flight, while 
the higher sample rates are used near injection, during 
spacecraft maneuvers, and at lunar encounter. These 
continuous-count doppler-tone samples are differenced to 
obtain a data type known as counted two-way doppler, 
which is actually the range difference occurring during 
a sample interval. By combining such doppler measure- 
ments taken over an interval of time at several stations, 
the spacecraft orbit may be reconstructed and its future 
course accurately predicted. 
The actual number of data-time points acquired during 
each mission is shown in Table 1. (Rangers Z and Zl are 
not listed because they were experimental spacecraft that 
did not inject into a cislunar trajectory.) Continuous dop- 
pler coverage was provided during the Ranger Block I11 
missions, starting at approximately 200 km above the 
Earth‘s surface and extending to lunar impact. There are 
over 3,000 points for each of these missions. The tracking- 
station systems were constantly being improved during 
the time span covered by these missions. The most sig- 
nificant improvement, with respect to lunar missions, was 
the change from crystal voltage-controlled oscillators to 
rubidium standards as a frequency reference source. This 
reduced the high-frequency noise for 1-min data at lunar 
distances from 7.5 mm/sec’ for the VCO’s used during the 
Ranger VZ mission to 1.4 mm/sec during the Ranger ZX 
mission in which the rubidium standards were used at all 
stations. The frequency instability of the transmitter ref- 
erence is, in fact, no longer a dominant source of error. 
Error is now primarily a function of doppler-counter quan- 
tization; i.e., the error due to counter roundoff alone is 
1.1 mm/sec for the continuously counted doppler sampled 
once a minute. The inflight performance of the oscillator 
and the critical role of oscillator stability are discussed in 
Ref. 2. 
‘For convenience, this Report quotes length units in meters (mm, 
km), although the true unit is the lightmeter (i.e., the distance 
the electromagnetic signal travels in a unit time is the basic 
unit of length in the “radio tracking world”). Throughout the 
analysis, lengths (in meters) depend on the adopted value of 
c = 299792.5 km/sec. 
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Tracki Stations 
Johannesburg Mission 
Ranger 111 
January 1962 
Woomera 
2nd Pass 2nd  Pass 1 st Pass" 3rd Pass 1 st  Pass 3rd Pass 
903 doppler' 
1 sample/lO sec 
(1 -sec count) 
720 angles' 
1 sample/20 sec 
1 183 doppler 
1 sample/lO sec 
(1-sec count) 
356 angles 
1 sample/lO sec 
1080 doppler 
1 sample/lO sec 
719 angles 
1 sample/lO sec 
35 angles 
1 sample/min 
Ranger IV 
Apri l  1962 
Ranger V 
October 1962 
Ranger V I  
January 1964 
Ranger VI1  
82 doppler 
1 sample/min 
81 angles 
1 sample/min 
213 doppler 
1 sample/min 
L 
21 doppler 
1 sample/5 sec 
543 doppler 
1 sample/min 
387 doppler 
1 sample/min 
264 doppler 
1 sample/min 
140 doppler 
1 sample/min 
259 doppler 
1 sample/min 
146 doppler 
1 sample/min 
5 doppler 
1 sample/5 sec 
428 doppler 
1 sample/min 
256 doppler 
1 sample/min 
357 doppler 
1 sample/min 
258 doppler 
1 sample/min 
290 doppler 
1 somple/min 
285 doppler 
1 sample/min July 1964 
Ranger Vl l l  
February 1965 
Ranger I X  
March 1965 
435 doppler 
1 sample/min 
353 dappler 
1 sample/min 
193 doppler 
425 doppler 
1 sample/5 sec 
1 samde/min 
264 doppler 
1 somple/min 
132 doppler 
1 sample/min 
209 doppler 
1 sample/min 
~ 
19 doppler 
1 sample/lO sec 
468 doppler 
1 sample/min 
481 doppler 
1 sample/min 
542 doppler 
1 sample/min 
337 doppler 
1 sample/min 
426 doppler 
1 sample/min 
"A pass i s  the view period of the station from spacecraft rise to set, nominally approximately 10 hr. 
'Continuous-count dappler-tone samples. 
ePorition angles: hour angle and declinatian. 
%fore maneuver. 
eAfter maneuver. 
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Table 1. Data used in orbit solutions 
Tracking Station 
Goldstone Total Remarks 
1 s t  Pass 3rd Pass 
172 doppler 
1 sample/2 min 
2nd Pass 
1669 doppler 
1 sample/20 sec 
66 doppler 
1 sample/min 
(50-sec count) 
3993 doppler Missed the Moon by  35,000 km. 
1076 angles Approximately 3% days of 
tracking data. 
Approximately 8 hr of tracking 
data. 
Batteries went dead. 
1080 doppler 
754 angles 
295 doppler Approximately 8 hr of tracking 
data. 
Batteries went dead. 81 angles 
137 doppler" 
384 doppler" 
1 sample/min 
1 sample/min 
667 doppler 
1 sample/min 
189 doppler 
1 sample/min 
3147 doppler Tracked to lunar impact. 
Approximately 65 hr of continuous 
tracking data. 
Tracked to lunar impact. 158 doppler" 
1 sample/min 
414 doppler 
1 sample/min 
687 doppler 
1 sample/min 
329 doppler 
1 samplelmin 
3467 doppler 
Approximately 68 hr of continuous 
tracking data. 
18 1 doppler" 
229 doppler' 
1 sample/min 
1 sample/min 
3173 doppler Tracked to lunar impact. 382 doppler 
1 sample/min 
148 doppler 
222 doppler 
1 sample/min 
1 somple/lO re, 
270 doppler 
1 samplefmin 
Approximately 66 hr of continuous 
tracking. 
375 doppler 
1 somple/min 
Tracked to lunar impact. 165 doppler" 
1 sample/min 
186 doppler" 
1 samde/min 
3269 doppler 
Approximately 64 hr of continuous 
tracking. 
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The postflight analysis of the DSS tracking data and 
the determination of the flight path for the Ranger ZZI-ZX 
missions are given in Ref. 3-9. The appendixes include 
each calculated data point and its residuals (i.e., the 
observations equal the sum of the calculated data and 
the residual). 
B. Fitters’ Model 
The physical-constant determinations, obtained by a 
weighted least-squares process, are a by-product of the 
“best orbit” solutions from the individual Ranger mis- 
sions. This process adjusts the model parameters to mini- 
mize a penalty function, which includes both the 
difference between the observed and calculated tracking 
data as well as between the a priori value and the new 
value (as determined from the tracking data) of the model 
parameters. The model in this case is essentially the solar 
system as represented by SPACE, the JPL trajectory pro- 
gram described in Ref. 10 and 11. Physical constants such 
as G M ,  and G M ,  (as well as the spacecraft orbital 
parameters) are included in the model parameters, which 
are adjusted to produce “calculated” tracking data that 
closely match the “observed tracking data. The Single 
Precision Orbit Determination Program (SPODP) de- 
scribed in Ref. 12 and 13 contains SPACE as a subroutine. 
In addition to the dynamical constants adjusted in 
SPACE, SPODP allows the adjustment of parameters 
such as tracking-station locations, which affect the ob- 
servables but not the dynamics of the spacecraft orbit. 
A Cowell formulation is used to integrate the space- 
craft equations of motion in single precision. A fourth- 
order Runge-Kutta starter is used to obtain values for 
an Adams-Moulton predictor-corrector that retains the 
sixth differences of the derivatives. The ordinates are ac- 
cumulated in double precision to control the growth of 
roundoff error. The oblate potential of the Earth is 
expressed by 
Ha; 
5R (1 -3sin2+) + y ( 3 - 5 s i n 2 + ) s i n +  
1 Da‘ 35R‘ + A (3 - 30 sin’ + + 35 sin4 +) 
where 
J = 0.162345 X le2 
H = -0.5750 X 
D = 0.7875 X 
up = 6378.1650 km (Earth radius) 
+ = latitude of the probe from true equator plane 
R = magnitude of the Earth-probe vector 
and the oblate potentialY of the Moon is expressed as a 
triaxial Moon in the form 
G (A + B + C - 31) (J = -  
( R  2R’ 
where 
G = 0.6671 X 10-19 km3/kg-sec2 
A = 0.88746 X loz9 kg-km’ 
B = 0.88764 X lo2!’ kg-km2 
C = 0.88801 X kg-km’ 
Z = A  (i)? - + B  (i)? - + C  (i)? - 
In addition to the accelerations of the nonspherical Earth 
and Moon masses, the following values for the accelera- 
tion from the point masses of the Sun, Venus, Mars, 
Jupiter, and Saturn are included in the program: 
G M ,  = 0.13271411 X lo1* km3/sec2 
G M  = 0.32476627 X lo6 km3/sec2 
G M ,  = 0.42977367 X lo5 km3/sec‘ 
G M , ,  = 0.12670935 X lo9 km3/sec2 
G M ,  = 0.37918700 X 1Oskrn3/sec’ 
A.U. = 0.1495959850 X 10” km 
Solar-radiation pressure is also included. Integration is 
performed in a geocentric Cartesian frame with the mean 
equator and equinox of 1950.0 as the reference. 
The subroutine SPACE depends on a precomputed 
ephemeris tape for the solar-body coordinates. The 
Earth-Moon ephemeris is computed in accordance with 
the Brown Improved Lunar Theory (Ref. 15). The ephe- 
merides of the Earth-Moon barycenter and those of the 
other planets are “fitted’ to a reference source of posi- 
tional information as explained in Ref. 16. The fitting 
process, described in Ref. 17, essentially consists of fit- 
ting the equations of motion (conventional gravitational 
‘The transformation from the 1950.0 reference to selenographic co- 
ordinates is described in Ref. 14. 
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model) of one planet at a time (assuming that the ephe- 
merides of the other planets are correct) in a least-squares 
sense to the source data, which then results in an ephem- 
eris for each planet with “smoothed” velocity and accel- 
eration components consistent with gravitational theory. 
The computations performed in SPACE result in a 
probe ephemeris with geocentric range and velocity at 
each integration step. The SPODP then uses a sixth-order 
Lagrangian interpolator to determine range and velocity 
at correct data times to compute observables represented 
by the tracking data. In computing these observables the 
signal-transit times must be taken into account to properly 
locate the participants (transmitting and receiving track- 
ing stations and the spacecraft). The refraction effect 
due to the atmosphere of the Earth also must be included. 
At present the effects of the ionosphere and space plasma 
are ignored and only those of the troposphere considered. 
C. Estimator 
The estimator is an iterative-weighted, least-squares 
technique, which minimizes the sum of the weighted 
squared residuals with a penalty function that includes the 
a priori information. The basic equations used are 
where 
C = AT WA + “rl 
B = A T W ( o  - c)  + ?-lS;i 
qi = the estimate of the m X 
tor on the ith iteration 
and 
(3)  
o - c = the n X 1 vector of differences of the ob- 
served data and the calculated data 
S ; i i  = the m X 1 difference between the a priori 
solution estimate and the i-iteration estimate 
The solution is obtained after more than one iteration 
(usually two) through Eq. (1) and (2). Once S q i  becomes 
small and the sum of the squares of the weighted residu- 
als approaches a constant (usually a third iteration is 
taken to verify this), the process is assumed converged 
and the solution-parameter estimates are recorded. 
The normal equations (3) are accumulated and inverted 
in double precision, with the remainder of the computa- 
tions being in single precision. The partial derivatives 
on the estimated-parameter set are obtained by the chain 
rule, i.e., 
a, - ax,. 8, 
ax,, axto axt, - -- 
where 
F - range-rate observable 
The partials of aX,j/aX,l, are obtained from the varia- 
tional equations in SPACE and the +/axti are calculated 
analytically for station-location parameters and, by a 
quadrature integration using Simpson’s rule, for dy- 
namical constants such as GM, and GM As an exam- 
ple, consider GM,. Then, 
1 solution parameter vec- where 
ax,. 
ax,, U = d  
and can be inverted by inspection, i.e., A = the matrix of first-order partial derivatives of 
each of the n observables with respect to each 
of the rn solution parameters (i.e., m X n) 
W = the n X n diagonal weighting matrix (formed 
by taking the reciprocal of the a priori esti- 
mated effective variance on each observable) 
,d 
I‘ = the m X m a priori covariance on the soh-  
tion parameters ( U , ,  is the upper 3 X 3 of U )  
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where 
with 
B =  
0 
0 
0 
a x  
al; 
a z  
aGM, 
aGM, 
aGM, 
- Zgr -- - az 
aGM, R3 
g1 = 1 + [ 3 - 42 (:) + 63 (:)'I [ 4 (%y] 
+ [ H ( 3 ' ] [  3-7($)']: 
+ [ J ( 3 3  [l - 5(+Jr] 
The same partials for GM a are 
(no harmonics are used) 
The other analytic expressions for station locations, posi- 
tion, and velocity are given in Ref. 12. 
There is also the capability of applying a constraint 
to the GM solutions so that the periodic motion of the 
Earth and Moon about the barycenter is pre~erved.~ This 
constraint is 
REM = K (GM, + GMe)'/3 
where 
REM = the radial scale factor for lunar ephemeris 
K = 86.315745 
Besides producing the "best" estimate of the parameter 
set, the estimator gives statistics on the estimate in the 
form of a covariance matrix obtained by inverting the C 
matrix. The covariance matrix is normalized, which then 
shows the correlations between parameters. 
The final output of the estimator is a plot of all the 
data residuals (0 - c ) ,  which is the acid test of how 
well the solution parameters match the observed data. 
A typical data fit is shown in Fig. 3. I t  consists of a 
residual plot of the two-way-doppler data of Ranger VI1 
from injection to lunar impact. 
Since the SPODP cannot assimilate powered-flight 
data, the midcourse maneuver (=40-m/sec impulse) oc- 
curring approximately half-way to the Moon necessitated 
dividing the data into two separate blocks and combin- 
ing them in the following way for Rangers Ill, VI,  VII, 
V l l l ,  and IX. All data prior to the maneuver were fitted 
and the solution was then integrated forward to the 
maneuver epoch and incremented by the maneuver pa- 
rameters. The associated statistics (i.e., the covariance 
matrix r,J were also mapped forward to the maneuver 
epoch by pre- and post-multiplying r,) as follows: 
ax, ax;, 
- r,, - ax,> ax,, 
The velocity statistics on all three components of this 
mapped-forward covariance matrix are corrupted by a 
100-m/sec standard deviation (this essentially disregards 
the a priori information on the magnitude of the mid- 
course maneuver) and then this new corrupted matrix 
and its incremented state are used as a priori 'F for proc- 
essing the remainder of the data beyond the maneuver. 
The solution-parameter set remains the same and includes 
the spacecraft position and velocity, GM,, GM,, and 
REM, the three components of station locations, and a 
'The period motion is actually fixed by the ephemeris tape, which is 
an input to the SPODP. This constraint serves to make GMe,  GMa , 
and REM consistent with this fixed period; K is consistent with 
ephemeris [E95371 used, i.e., bin r a  = 3422.540". 
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solar-pressure constant. Initial a priori knowledge on these 
parameters is very loose except on the solar-pressure con- 
stant and the component of station location parallel to 
the Earth's spin axis. This will be elaborated on in Sec- 
tion IID. 
' 
4.0 
2.5 
13.3 
13.2 
1.1 
1.5 
0.7 
0.6 
The statistics presented with the estimates are a direct 
reflection of the data weights (i.e., W,  the diagonal matrix 
using the reciprocal of the effective variance on the data 
sample). The weight given each data point is derived 
by the mean square of all known error sources, such as 
transmitter stability, roundoff, refraction, spacecraft tum- 
bling, computing error, phase jitter, etc. But the primary 
error source is the computing error. It accounts for 
12 mm/sec out of a total effective weight of 13 mm/sec 
for data sampled once per minute. The single-precision 
program cannot integrate the equations of motion as 
accurately as range rate is measured. The effective weight 
used to account for computer-integration error has been 
tested both by these missions and by Monte Carlo runs 
showing that dispersions obtained do lie within the sta- 
tistics quoted. The next-generation orbit-determination 
program now being developed by JPL is, among other 
things, a double-precision program. It will be able to more 
fully exploit the tracking data, as indicated in Section IIE. 
Adopted by the Ad Hac NASA 
Standards Constonts 
Committee (Ref. 18) 
4 days of data 
8 hr of data 
8 hr  of data 
65 h r  of data 
68 hr  of data 
65 hr of data 
65 h r  of data 
D. Results 
The results for the physical constants GM, and GM, 
are shown in Table 2. The consistency of all the Ghl 
solutions is encouraging. It appears that GM, should be 
changed from its present nominal value of 398603.2 -+4. 
(set by the Ad Hoc NASA Standards Constants Commit- 
tee, Ref. 18) to 398601.2 -+1., which reduces its uncer- 
tainty by a factor of 4. The GM, solutions agree very 
well with the Mariner I1 and ZV  estimate^,^ and in some 
respects these represent an independent check of the 
Ranger results. The Mariner solutions were obtained by 
the 28-day periodic effect of the Earth-Moon system on 
its cruise-phase data (i.e., z 2  months of data for 
Mariner Z l  and 6 months for Mariner ZV), where GM, 
is assumed fixed and the lunar constraint mentioned pre- 
viously is maintained. On the Ranger missions the GM , 
estimates were obtained from the last few hours of track- 
ing data, in which the direct effect of the lunar potential 
is reflected. In Fig. 4 and 5 the results for GM, and GM , 
with their associated uncertainties are shown graphically 
for each mission. 
Ranger 111 
Ranger IV 
Ranger V 
Ranger V I  
Ranger VI1 
Ranger V l l l  
Ranger I X  
'The Mariner I1 results were obtained from Ref. 19 and from unpub- 
lished work of G. Null; the Mariner IV results are based on analysis 
in progress by G .  Null and are provisional. 
Dimensionless 
81.301 1 0.0049 
81,3012 0.0055 
81.3006 0.0055 
81.3029 0.0030 
81.3051 0.0029 
81.3035 0.0018 
81.3023 0.0048 
At the bottom of Table 2 is the tabulation of the mass 
ratios and their 1-u statistics derived from the GM solu- 
tions. These results are in very good agreement with the 
mass-ratio value ,cl of 81.30 adopted by the IAU (Inter- 
national Astronomical Union) in Paris in 1963. Marsden 
(Ref. 20) and Anderson (Ref. 21) have made comments 
concerning corrections to the present ephemeris to adjust 
for this value. Dr. W. J. Eckert is also presently working 
on a lunar ephemeris, taking into account this latest value 
of p- l ,  and has computed the transformation corrections 
given in Ref. 22. 
Table 2. Physical constants 
Ranger 1 1 1  
Ranger IV 
Ranger V 
Ranger V I  
Ranger VI1 
Ranger VI1 
Ranger I X  
601.63 
601.87 
599.20 
600.69 
601.34 
601.14 
601.42 
Mariner I I  
Ranger V I  
Ranger VI1 
Ranger Vll l  
Ranger I X  
Mariner IV I 
4902.78 
4902.66 
4902.54 
4902.63 
4902.71 
4pO2.74 
0.3 
0.19 
0.17 
0.12 
0.30 
0.1 
2% months of data (nominal 
adapted by Ad Hoc NASA 
Standard Constants 
Committee) 
to impact 
to impact 
to impact 
to impact; lost lost 10 min 
before impact 
6 months of cruise dota 
I I I 
nThe constraint omongGM,, G M c  and REM has not been applied for the Ranger 
missions. 
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398,612 I 
398,608 
390,604 
390,600 
398,596 
390,592 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
JPL NOMINAL 
VALUE 
6.8 ppm 4.2 ppm 
T 
22.3 ppm 
A E 
T T f f  
1.2 PPm I 
I ppm 
I I 
1.8 ppm 2.5 ppm 
1 22.1 ppm ppm - PARTS PER MI LLlON 398,588 
RANGER lU RANGER P F'ANG.FR Z T  RANGER Z 
RANGER 1p RANGER El RANGER 
Fig. 4. GM, estimates with probable errors 
A tracking-station error combined with the daily 
rotational motion of the Earth in some instances (see Sec- 
tion IIE) will cause a doppler-residual (0 ~ c)  signa- 
ture. Thus the tracking-station-location determination is 
analogous to the G M ,  solutions obtained from planetary 
missions in that it is the motion of the tracking station 
that is adjusted rather than the spacecraft motion itself. 
The radial direction normal to the Earths spin axis r,? is 
generally the best-determined coordinate, with longitude 
h also being determined to some extent. The tracking 
data contain little information about the coordinate 2 
parallel to the Earth's spin axis. Therefore, for DSS 12 
and 41, the tracking stations are essentially located on 
the surface of a cylinder (see Fig. 6) .  
Although the relative longitude between tracking sta- 
tions is easily determined, the determination of absolute 
longitude is dependent on knowing the spacecraft loca- 
tion in inertial space, i.e., the spacecraft geocentric right 
ascension. This tie-down cannot be accomplished with 
only near-Earth data. For the complete mission, the in- 
fluence of the Moon locates the spacecraft with respect 
to the Moon and consequently allows the absolute 
tracking-station longitudes to be determined to approxi- 
mately 60 m. In Table 3, location estimates for the 
three tracking stations are tabulated for each Ranger 
mission, along with results from Mariner ZV and the land 
surveys for comparison. The third column lists the values 
for the component measured from the Earth-spin axis 
[i.e., radius cos (latitude)]. The Goldstone values for this 
component are in good agreement and are within the 
statistics given in Table 4 (see Fig. 7). The land surveys 
generally do not match the Ranger results, although they 
do come close on Goldstone and Johannesburg longitudes. 
Goldstone estimates are better than the others because 
of the greater amount of horizon-tehorizon tracking ob- 
tained, this being important for accurate station locations 
(Ref. 23-28). The results of the absolute-longitude solu- 
tions presented in the fourth column of Table 3 indicate 
a discrepancy. For all three stations, Ranger VZZ and ZX 
solution parameters appear to diverge consistently from 
the others (see Fig. 8). However, errors not included in the 
statistical model, on the order of 20 m, may be caused by 
the ionosphere and the lunar ephemeris, as discussed in 
Section IIE. 
The results of the relative-longitude solutions shown 
in the fifth and sixth columns of Table 3 are fairly con- 
sistent and stay within a 1-u deviation as shown in Table 4 
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4906  
4 9 0 4  
(u 
0 4902  5 
E 
r 
c 
z 4 9 0 0  
3 
4 8 9 8  
4896  
PREVIOUS 
VALUE 
40 ppm 25 ppm 23 PPm 40 PPm 14 PPm 
675 pprn ppm - PARTS PER MI LLION 
MARIiVER 1T RANGER lZU RANGER E 
RANGER JU RANGER MARINER X 
Fig. 5. GM, estimates with probable errors 
TI GREAT CIRCLES 
DSS 12 
EQUATORIAL 
PLAN E 
L W I N  AXIS 
Fig. 6. Station coordinate system 
and Fig. 9. Note that Ranger I X  results show a mean 
deviation of approximately 14 m when Woomera is one 
of the two stations involved. These estimates and the 
statistics shown in Tables 2, 3, and 4 for the Ranger mis- 
sions have not been subjected to the constraint among 
F 
W > 
LT 2 -60- 
v) 
n a 
65 
3 
5 
A - 4 0 -  
W 
5 -20- 
z o -  
3 
v) 
W 
z 
f 
20- DEVIATION 
- 
I 401 I 
RANGER RANGER RANGER RANGER MARINER m m - n m x m  
Fig. 7. Goldstone station location (off spin axis r J  
GM,, GM ,, and R E M .  This is because the statistics as- 
sociated with REM are competitive with the quality of 
the lunar ephemeris. Therefore, R E M ,  which is deter- 
mined independently, is left unconstrained to compensate 
for Earth-Moon ephemeris errors. 
12 J P L  TECHNICAL REPORT 32-1057 
Table 3. Station-location estimatesa 
Tracking 
station 
Goldstone 
(DSS 12) 
Woomera 
(DSS 41) 
Johannesburs 
(DSS 51) 
L 
Mission 
Ranger V I  
Ranger VI1 
Ranger Vl l l  
Ranger I X  
Mariner IV 
Land Survey 
Ranger VI 
Ranger VI1 
Ranger V l l l  
Ranger IX  
Mariner IV 
Land Survey 
Ranger VI  
Ranger VI1 
Ranger V l l l  
Ranger I X  
Mariner IV 
Land Survey 
la,  km 
521 2.xxx 
033 
036 
0 3 9  
047  
043 
072 
545o.xxx 
212 
186 
202 
223 
201 
124 
5742.xxx 
917 
923 
933 
957 
935 
982 
Longitudeb, 
dag 
243.19xxx 
478 
497 
460 
492 
456 
446 
1 3 6 . 8 8 ~ ~ ~  
776 
805 
761 
806 
759 
614 
2 7 . 6 8 ~ ~ ~  
567 
583 
551 
582 
55 1 
559 
A Longitudeb, 
deg 
With 
Woomera 
1 0 6 . 3 0 ~ ~ ~  
702 
692 
699 
686 
697 
832 
With 
Goldstone 
1 0 6 . 3 0 ~ ~ ~  
702 
692 
699 
686 
697 
832 
With 
Goldstone 
2 15.5oxxx 
91 1 
914 
909 
910 
905 
887 
A Longitudeb, 
dag 
With 
Johannesburg 
2 15.5oxxx 
91 1 
914 
909 
910 
905 
887 
With 
Johannesburg 
109.2oxxx 
209 
222 
210 
224 
208 
055 
~ 
With 
Woomera 
109.2oxxx 
209 
222 
210 
2 24 
208 
055 
BThe constraint omong GM@,  G M a ,  and REM has not been applied for the Ranger missions. 
bO.OO1 dog in longitude i s  approximately 94 m for R cos @Z5400., or a fair rule would be to assume that the longitude 
minor part tabulated i s  meters. 
By using impact time recorded to an accuracy of some 
30 mseq5 a lunar radius from the impact point to the 
center of gravity (not necessarily the optical center) was 
determined for each mission. These estimates were made 
solely from the last 10 hr of data before lunar encounter, 
SO that results were not influenced by earlier near-Earth 
tracking data. The same estimates were consistently pro- 
'This is conservative in that the impact time was actually measured 
to an accuracy of +-5 msec for Rangers VI and VII, kO.4 msec for 
Ranger VIII, and %0.007 msec for Ranger I X .  These uncertainties 
are with respect to the clock at the DSS, which not only observes 
the impact, but provides the two-way doppler during the last few 
hours before impact. 
duced even when such perturbations as lunar-ephemeris 
position error, harmonics in the potential, etc., were intro- 
duced into the system. This implies that the orbit was 
indeed determined with respect to the Moon and these 
errors did not change the solutions. If these radii are 
then compared with Army and Air Force lunar maps, 
some relationship between optical and dynamical centers 
can be drawn. Table 5, column 1, shows how Ranger 
estimates varied over the missions. When they are differ- 
enced with Air Force charts they appear consistently less 
and average about 2.2 km lower (Table 5, column 7). 
Yaplee, in Ref. 24, has some independent information 
using lunar radar-bounce data correlated with Army 
maps, but no real direct comparison will be valid until 
relative elevations can be more firmly defined. 
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(1)  
JPL orbit- 
determination 
(2) 
AMS' figure- 
of-the-Moon 
7th-degree 
harmonic 
fitsad 
1735.3 
f 0.3 
1735.5 
f 0.4 
1735.2 
f 0.4 
1735.7 
-C 0.7 
1739.0 
f 1 . 3  
1740.0 
f 1.3 
1739.1 
& 1.3 
1741.1 
If-1.3 
Table 4. Station-location statisticsa 
Mission 1 s  ra, m 
1 -u langi- 
tude, m 
1-0 A longi- 
tude, m 
1 -Q A longi- 
tude, m 
Tracking 
station 
Goldstone 
(DSS 12) 
~~ 
Ranger V I  
Ranger VI1 
Ranger VI  I I  
Ranger I X  
Mariner IV 
Land Survey 
Woomera 
21 
23 
14 
16 
20 
200' 
Johannesburg 
19 
18 
17 
15 
15 
200' 
10 
12 
22 
58 
10 
26' 
64 
56 
82 
45 
25 
24b 
Goldstone 
21 
23 
14 
16 
20 
20OC 
Johannesburg 
22 
23 
14 
13 
20 
200' 
Ranger V I  
Ranger VI1 
Ranger V l l l  
Ranger I X  
Mariner IV 
Land Survey 
40 
33 
20 
55 
15 
3ob 
67 
61 
81 
50 
27 
26b 
Woomero 
(DSS 41) 
Goldstone 
19 
18 
17 
15 
15 
200' 
Woomero 
22 
23 
14 
13 
20 
200' 
Ranger V I  
Ranger VI1 
Ranger V l l l  
Ranger I X  
Mariner IV 
Land Survey 
19 
26 
22  
57 
15 
2tib 
69 
61 
85 
50 
35 
24b 
Johannesburg 
(DSS 51) 
nThe constraint among GM@, GMd, REM has not been applied for the Ronger missions. 
bWith respect to its particular local survey datum (i.e., Australian VI North American). 
CRef. 18. 
Table 5. lunar elevations at Ranger impact locations 
Lunar elevation, km I Elevation differences, km 
I 
Bridges from control paints I 
( 7 )  
JPL - AClC 
(1 1 - (5) 
(8) 
AMS - AClC 
(4) - (5) 
(6) 
JPL - AMS 
paints b y  points by points by 
ACICe ACICg 
Mission 
Ranger V I  
Ranger VI1 
Ranger V l l l  
Ranger I X  
1739.0 
1737.7 
1741.6 
1738.1 
1735.9' 
(1 737.8)' 
1737.0' 
(1 737.6)' 
1736.2' 
(1 736.8)' 
1738.1' 
(1737.1)' 
1737.6 
1737.5 
1737.5 
1737.7 
-0.6 
(-2.5) 
-1.5 
(-2.1) 
- 1 .o 
(-1.6) 
-2.4 
(-1.4) 
-2.3 
-2.0 
- 2.3 
-2.0 
-2.5 
(+0.2) 
(+0.1) 
-1.1 
-1.2 
(-0.7) 
+ 0.7 
(-0.6) 
*1 - u  statistics are quoted. 
deg, 24.65 dog; Ranger IX, -12.83 deg, -2.37 dog. 
bSources for Ranger orbit-determination results: Ref. 6-9. 
CArmy Map Service. 
d B a d  on a letter from Lt. Col. I). P. Pendergrars (AMS) to W. E. Kirhofer (JPL), April 25, 1966. 
eAeranautical Chart and Information Center. 
'New interim DOD 1966 control; elevations stated in a letter from A. E. Carison (AM)  to W. 1.  Siogren (JPL), July 29, 1966. 
'6Based on a letter from Col. John G. Ericksen (ACIC) to D. W. Trask (JPLI, SeDtember 23. 1966. 
Impact latitudes and longitudes for each mission are: Ranger V I ,  9.33 deg, 21.52 deg; Ranger V I I ,  -10.63 deg, -20.58 deg; Ranger VIII ,  2.67 
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Fig. 8. Goldstone station location (longitude X )  
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JU rn lmr Ir LLT 
Fig. 9. Goldstone station location (relative longitude 
with Johannesburg) 
D. W. G. Arthur (Ref. 25) expresses concern over the 
precision of the fundamental and secondary positions on 
which the present lunar maps depend. Arthur has sug- 
gested, on the basis of some preliminary work, the exist- 
ence of a systematic error (undefined at the present) that 
causes the lunar elevations to be too high. The effect is 
negligible near the limb, but increases to a few kilometers 
in the sub-Earth region. 
E. limitations and Future Plans 
This Section discusses the limitations of the analysis 
described in this Report, predicts the results realizable 
from the DSS tracking data obtained during the Ranger 
missions, and indicates some of the plans for “follow-on” 
analysis. 
Two immediate areas of follow-on analysis are the sta- 
tistical combination of the results from the Ranger flights 
(in particular Rangers VI, VII, VlII, and ZX), and the 
development of a “next-generation’’ orbit-determination 
program to eliminate some of the shortcomings of the 
SPODP. The next-generation program, called the Double 
Precision Orbit Determination Program (DPODP), is de- 
scribed in a series of articles presented in Ref. 26. The 
additional capabilities of interest incorporated into the 
DPODP for this postflight type of analysis are summar- 
ized in Table 6 .  It is significant to note that errors due 
to interpolation and the buildup of roundoff error intro- 
duccd during computations arc the major contributions 
to the two-way-doppler weighting sigma for the SPODP. 
This means that the full potential of the DSS tracking 
data has not been realized in the Ranger analysis. The 
two-way-doppler weighting sigma (for 1 sample/min) can 
be reduced from 13 mm/sec to less than 5 mm/sec if the 
computing noise is made negligible compared to the other 
error sources. The buildup of computing error acts as a 
low-frequency noise source. Such an error usually is not 
detectable in plots of the doppler residuals such as those 
shown in Fig. 3. These plots tend to illustrate only the 
high-frequency noise sources. 
In addition to the computing noise, other numerical 
limitations exist in the current analysis. This is indicated 
by the fact that certain constraints hold only to a limited 
precision. An example of this is the variations in physical- 
constant solutions that result from processing the same 
tracking data in a different order. The solutions obtained 
should be identical, whether using the results of pre- 
maneuver data as a priori information when processing 
postmaneuver data, or vice versa, because both orbits use 
the same set of data but in a different order. In general, 
these solutions were not identical, but in no case did the 
discrepancy between the “forward” and “kackward solu- 
tion for a parameter exceed its standard deviation. The 
worst comparison was experienced with the GM, solu- 
tion for Ranger Vl l ,  in which the variation between the 
two solutions resulted in Acnr = 0.10 km3/sec2, uoAvf ,= 
0.15 km3/sec2. This is an unexpected discrepancy in the 
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Table 6. limitations of Ranger analysis that will be overcome with the 
next-generation orbit-determination program 
l imitat ions of orbit-determination program used 
for the Ranger analysis to date 
1. Trajectory and most other computations are in single precision. Errors 
due to interpolation and the buildup of roundoff error introduced dur- 
ing computations are the main contributions to the data-weighting 
sigma; e.g., computing noise contributed 0.012 m/sec out of a total 
station weighting sigma of  0.013 m/sec for two-way doppler near 
lunar encounter (for a tracking station with a rubidium frequency 
standard). 
2. A f ixed empirical correction i s  applied for tropospheric effects. lonas- 
pheric effects are ignored, but could appear as an ”inward” displace- 
ment and a shift in  longitude. 
3. Certain operations must be carried out external to the orbit- 
determination program. This sometimes makes on exact iterative salu- 
tian cumbersome and impractical. These external operations include: 
a. The application of the GMe, GMa, REM“ constraint (maintoins the 
“calculated“ period consistent with the ”observed” period of the 
Moon)? 
b. Velocity increments due to the midcourse maneuver (and the spring 
separation of the spacecraft from the launch vehicle when applica- 
ble) are not automatically “solved far” and the orbit-determination 
program does not properly constrain the spacecraft position at these 
maneuver points. 
4. Size of solution vector i s  limited to 20 parameters. Because of this 
limitation, the 20 parameters used for the current Ronger analysis d id  
not include the maneuver velocity increments, nor was i t  possible to 
include al l  of the tracking-station-location parameters in the solution 
vector. 
5. Eckert’s latest corrections on the transformation of coordinates ore not 
included (Ref. 22). 
6. Wandering of  the polar axis i s  not included in  the model. 
‘Scale factor for lunar eohemeris. 
Characteristics of  next-generation orbit-determinatian program 
~ ~~ 
1. Double precision will be used throughout. The computing program 
will be formuloted so that the trajectory-integration step size can 
be chosen to ensure that computing noise i s  a minor contributor to 
the data-weighting sigma. 
2. lonospheric corrections wil l  be applied and a more sophisticated 
model will be incorporated for the troposphere. 
3. Maneuver velocity increments will be added to the solution vector 
ond the necessary constraints wil l  be incorporated i n  the orbit- 
determination program. Tracking data from injection to lunar impact 
can be processed in a single run instead of in  separate premaneuver 
and postmaneuver segments as in the current Ronger analysis. 
4. Size of solution vector wi l l  be nominally 50 parameters, but will 
vacy depending on nature of run. This will allow the inclusion of 
odded parameters mentioned under (3) above. 
5. Updated ephemeris tapes should give a smoother fit of premaneuver 
dota with postmaneuver data. 
6. Polar motion wil l  be in the model and wi l l  make stotion-locatian solu- 
tions more consistent. 
bThe lunar ephemeris i s  an input to the orbit-determination progrom, and the “observed” ongular position of the Moon with respect to the Earth i s  fixed. independent of 
the  G M @ ,  G M a ,  REM solutions. 
Hth digit. A variation of the seventh or eighth digit may 
be expected due to roundoff, in that, although the same 
computations are performed, they are accomplished in a 
different sequence for the two solutions. 
Although the effective weighting scheme employed for 
this analysis compensates for model inadequacies, this is 
not the most d c i e n t  way to handle the problem. Certain 
model errors may be known to exist, but cannot be effec- 
tively modeled with the present estimator because an 
unreasonable number of parameters are required in the 
solution vector. Work is presently under way at JPL to 
mechanize an estimator that more properly accounts for 
these types of model errors or “process noise.” In addition 
to computational noise, model errors may take such forms 
as unaccounted-for unbalanced attitude-control forces 
(not pure couples in that they cause a translational acceI- 
eration of the spacecraft center of gravity), varying solar- 
pressure force (either because the spacecraft presents a 
variable effective area to the Sun or the Sun expels a vari- 
able photon flux), incorrect ephemerides, and an inade- 
quate model for corrections, such as refraction due to 
the Earth‘s atmosphere (tropospheric and ionospheric) 
and the effect of space plasma, to be applied to the track- 
ing data. 
Although of minor concern for the Ranger VI-ZX mis- 
sions, the effects of the attitude-control system, varying 
solar pressure, and space plasma are significant items for 
the Mariner ZZ (Venus) and Mariner ZV (Mars) flights 
and should be kept in mind when comparing the 
Mariner ZI and Mariner ZV GM, solutions with the solu- 
tions obtained from the Ranger missions. As an example, 
the Mariner IZ attitude-control forces that existed during 
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the flight are rather ill-defined. A solution of G M ,  using 
cruise data and assuming no attitude-control forces dif- 
fered by 0.2 km3/sec2 from a solution obtained when a 
“reasonable” attitude-control-force time history was as- 
sumed. 
Mission encounter 
The expected effects on observed range due to the 
ionosphere at L-band are illustrated in Fig. 10. The DSS 
two-way doppler is really the range difference accumu- 
lated over a fixed time interval; thus the curves shown 
in Fig. 10 indicate the two-way-doppler error caused by 
the ionosphere. The spacecraft rises on the horizon at 
night (when the density of charged particles in the 
ionosphere is near a minimum) and sets during the day 
when the charged-particle density is an order-of- 
magnitude greater than at the start of the pass. This 
may result in an error in r,  from 5 to 10 m and in A of 
from 10 to 20 m. The Sun-Earth-probe geometry is sim- 
ilar (third-quarter Moon) for the four Ranger Block 111 
missions, and therefore the solutions for r,  and h will tend 
to be “biased” from the true values. However, the longi- 
tude (and r,) solutions will deviate from the “bias” be- 
cause the tracking pattern, the spacecraft declination (and 
hence the DSS view periods), and the solar activity (which 
affects the number of charged particles in the ionosphere) 
are not the same during each mission. 
Correction, rn 
Earth-Moon distance I lunar 
The statistical combination of the Ranger VI-ZX results 
should effect a factor-of-2 improvement over the indi- 
vidual results and, at the same time, reasonable residuals 
- 
date 
A” =-“:A ae [sin:] 
c )  should be realized for each mission when the 
140 
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Fig. 10. Effect of ionosphere on range measurements 
(DSS 1-band system, f = 960 MHz) 
1 +64 I - 244 
data are refitted using the physical-constant “combined 
solutions.” However, the residuals thus far produced by 
these combined solutions contain relatively large sys- 
tematic trends as compared to Fig. 3.fi The suspected 
causes for this include the ionosphere, the Earth-Moon 
ephemerides, and uncertainties among the time relation- 
ships utilized in the orbit-determination process. Known 
discrepancies in the Improved Lunar Ephemeris are 
pointed out by Dr. W. J. Eckert in Ref. 22. These errors 
were incurred when insufficient accuracy was maintained 
in transforming from the original coordinates computed 
by Brown to the presently adopted coordinates. The dis- 
crepancies in Earth-Moon distance and lunar longitude 
that existed at lunar encounter for Rangers VI-ZX are 
shown in Table 7.; For Ranger VIIZ, the Earth-Moon 
distance had a known error of 1 km. These errors have a 
relatively high frequency and can change by 100 m/day. 
These ephemeris errors will affect the G M ,  and G M ,  
solutions if the REM constraint is applied and the probe 
position coordinates are constrained at the midcourse- 
maneuver epoch to be consistent with the “best estimate” 
of the maneuver. Under these conditions, if the R E M  (the 
artificial Earth radius that scales the ephemeris) shifts to 
yield the correct Earth-Moon distance u,, a 1-km error 
in a ,  will cause a 3.0 km3/sec2 shift in G M ,  + G M , .  
Notice, in Table 2, the comparatively small variation 
(0.4 km3/sec2 from the mean) of G M ,  + G M ,  over the 
Ranger VI-ZX flights as opposed to the “known” errors in 
u, shown in Table 7. Because of the relative inaccuracy 
of the lunar ephemeris compared to the ability of the 
~~ 
‘A preliminary report on this work is included in Ref. 29. 
‘These values are based on a letter from Dr. W. J. Eckert dated 
March 7, 1966. 
Table 7. Eckert corrections to the Improved 
lunar Ephemeris 
Ranger V I I :  
July 31, 1964 
Ranger VI I I :  
February, 1%5 
410 
1024 
- 24 
f 63 
I I - 1 1  I Ranger I X :  500 March 24, 1965 
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tracking data to independently determine GM,, GM <, 
and R E M ,  the REM constraint was not applied for the 
Ranger results contained in this Report. As the lunar 
ephemeris is improved, the additional knowledge supplied 
by the application of the REM constraint will become 
meaningful. Consequently provisions for this constraint 
are being incorporated in the DPODP. A 1-km error in 
lunar longitude will tend to shift the tracking-station- 
longitude solutions by 16 m. Although Ref. 22 deals with 
“known” lunar-ephemeris errors, the unknown errors may 
be just as large if not larger (although generally conceded 
to be 1 km, 1 a). 
The station-location solutions are sensitive to the timing 
relationships assumed in the orbit-determination process 
(see Fig. 11). At the start of a mission (in the near-Earth 
phase), an error either in station longitude or station time 
THE APPARENT 
TRAJECTORY IS 
ROTATED BY 
w e A f ,  FROM 
TARGET 
ACTUAL 
TRAJECTORY 
ERROR AT 
TARGET 
DUE TO A/, OBSERVATION I \ 
WHERE ODP PLACES 
STATION AT i t h  
OBSERVATION TIME 
DUE TO ERROR A/,> 
I - 1  I\ I TRACKING 
STATION AT i t h  
OBSERVATION 
TIME ( I N  SPACE 
AND WITH 
RESPECT TO 
EARTH’S SURFACE) 
LAND MARK 
will cause a compensating rotation of the spacecraft orbit 
in space. That is, even if station time is assumed to be 
perfectly known, the station longitude cannot be deter- 
mined, and vice versa. Relative station longitudes, how- 
ever, can be determined if the station times are perfectly 
known, but an error between the two station clocks will 
cause an error in the relative longitudes. For the tracking 
stations (located --+35 deg latitude) a 1-sec time error 
results in a 400-m longitude error. As the spacecraft ap- 
proaches the Moon, the orbit becomes determined in 
space and the absolute station longitude is determined 
because the station time is known with respect to ephem- 
eris time (defines location of the Moon in space) and 
universal time (defines the rotational orientation of the 
Earth). The role thesc time systems play in the orbit- 
determination process and the likely errors among these 
time systems are discussed in Ref. 27. 
OBSERVATION 
TARGET 
LOCATION OF STATION IN SPACE AT TIME 
OF ACTUAL OBSERVATION; ODP 
CORRECTLY LOCATES STATION I N  SPACE 
BUT FALSELY WITH RESPECT 
TO SURFACE OF EARTH 
TRACKING STATION AT TIME 
ACTUAL LOCATION OF 
CORRESPONDING TO DATA 
EARTH 
LANDMARK 
T ( F I X E D  
DIRECTION 
IN INERTIAL 
SPACE) 
CASE I. ASSUME THAT: CASE 2. ASSUME THAT: 
( I STATION LOCATION IS PERFECTLY KNOWN AND FIXED ( I ) SPACECRAFT TRAJECTORY I S  PERFECTLY 
( 2 )  NO A PRfmf KNOWLEDGE OF SPACECRAFT (2) STATION LOCATION I S  INCLUDED I N  THE ODP 
(3) ONLY NEAR-EARTH TRACKING DATA IS PROCESSED 
WITH RESPECT TO THE EARTH 
TRAJECTORY SOLUTION VECTOR 
(i.e., THE EARTH IS THE ONLY EFFECTIVE 
ATTRACTING BODY) 
KNOWN 
Fig. 11. Effect of an error At, in U.T. 1 - t, 
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Table 8. Physical-constant statistics: Comparison of the current analysis and that ultimately 
realizable with the DSS tracking data from the Ranger missions 
Standard deviation 
Physical constant 
Current analysisb I Ultimate analysis 
GMB3 
=MU 
Station locations” 
rs (outward radial distance normal to Earth’s 
spin axis) 
X ,  - A,  (difference in longitude between two 
stations) 
1.0 km3/sec2 = (2.5 X lo-‘) GM 
0.15 krn3/seca = (30X lo-‘) GM 
25 rn 
20 m 
~ 
0.2 km3/seca = (0.5 X lo-‘] GM 
0.02 krn3/sec2 = (4 X lo-’) GM 
1-5 rn 
1-5 rn 
*The current analysis quotes results for DSS 12 and ignores the effect of the ionosphere. The maiority of the DSS 12 doppler measurements were obtained a t  night when 
bAveraae statistics from the individual flights (Rangers V I ,  V I I ,  V I I I ,  and 1x1; does not include the reduction that can be realized by statisticolly combining the four flights. 
ionospheric effects were a t  a minimum. 
The next-generation orbit-determination program will 
be formulated so that the trajectory-integration step size 
can be chosen to ensure that computing noise will be a 
minor contributor to the data-weighting sigma during 
postflight analysis. In addition, the maneuver velocity 
increments will be added to the list of “solve for” param- 
eters, and the equations constraining the spacecraft posi- 
tions at maneuver epoch and the GM,, GM,, and REM 
parameters will be added to the regression model. The 
atmospheric-refraction model will be improved by adding 
the ionosphere effects, and the tropospheric model will 
be increased in sophistication. The solution vector will be 
further improved by increasing its size from its present 
limit of 20 parameters to allow the inclusion of the ma- 
neuver velocity increments, the remainder of tracking- 
station parameters, and timing biases. These time biases 
include discrepancies among the tracking stations, the 
adopted time references for the tracking net, and the tim- 
ing systems used to locate the celestial bodies in space 
(ephemeris time) or the rotational orientation of the Earth 
(universal time). An improved model must be developed 
in order that the “fitters’ universe” may encompass all the 
parameters necessary to represent the “real universe” data 
(remove all trends from the residuals). This is necessary 
to ensure that realistic statistics are associated with the 
solution-vector parameters. Table 8 is a comparison of 
the physical-constant statistics of the current Ranger post- 
flight analysis with the “ultimate” Ranger analysis. A 
factor-of-5 improvement is realizable for GMe and 
GM,. The slow relative motion of points on the Earth‘s 
crust (which will not be included in the orbit- 
determination-program model) may limit the knowledge 
of station locations, but the effects of polar-axis wander- 
ing with respect to the mean pole of 1900-1905 will defi- 
nitely be included and possibly estimated. The major 
reduction in statistics will be the result of the improved 
model (i.e., double precision, built-in constraints, 
midcourse-maneuver model, improved refraction model, 
improved lunar ephemeris, and an estimator that more 
properly accounts for known model discrepancies) as well 
as the statistical combination of the independent solutions. 
111. Conclusions 
The reduction and analysis of Ranger lunar radio- 
tracking data have produced estimates on several physi- 
cal constants. The GM, estimates fall slightly below the 
nominally accepted standard of 398603.2 & 4.0 to approx- 
imately 398601.2 + 1 km3/sec2, which reduces the uncer- 
tainty by a factor of 4. The GM, estimates confirm 
Mariner ZZ and ZV results and serve as an independent 
check, since the Ranger solutions were derived from the 
gravitational effect of the Moon in the last few hours of 
flight, whereas the Mariner estimates are based on the 
%-day periodic effect in the cruise-phase data. Station 
locations are determined normal to the Earth’s spin axis. 
The distance off the spin axis (i.e., R cos +) is estimated 
to 25 m, 1 U, at Goldstone, California, and 35 m, 1 U, at 
Woomera, Australia, and Johannesburg, South Africa. 
Longitude is determined to approximately 60 m, 1 U, for 
the same stations. Relative longitudes are more consistent 
and are determined to 20 m, 1 U, giving a very good tie 
between continental masses (i.e., tie for the local survey 
datum). 
The lunar radius at the various Ranger impact points 
was shown to be approximately 2.2 km less than that 
indicated by the Aeronautical Chart and Information 
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Center lunar charts. This radius measurement is from 
the center of gravity and not necessarily from the optical 
center. 
culations are done in single precision and the model is 
not complete. However, with the next-generation com- 
puter program now under development, the full reali- 
zation of the data accuracy can be achieved and an 
approximate factor-of-5 reduction in the parameter un- 
certainties should be obtained. 
Limitations in this data reduction do not allow the full 
utilization of the data accuracy because most of the cal- 
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